The nitrate-removal activity of a biofilm attached to a perlite carrier from an aerobic bioreactor used for treating dairy farm wastewater was examined by batch experiments under continuous aeration conditions. Despite aeration, the biofilm removed nitrate at a rate of 114.4 mg-N/kg-perlite/h from wastewater containing cow milk and manure. In a clone library analysis of the biofilm, bacteria showing high similarity to the denitrifying bacteria Thauera spp. were detected.
The removal of nitrogen from wastewater has become an emerging worldwide concern because nitrate nitrogen causes eutrophication in natural water and is a risk to human health, especially as a possible cause of infant methaemoglobinaemia. NH 4 þ -N in wastewater is converted to NO 2 À -N by ammonium-oxidizing bacteria and is subsequently converted to NO 3 À -N by nitrite-oxidizing bacteria under aerobic conditions. Finally the NO 3 À -N is converted to nitrogen gas by denitrifying bacteria.
The activated sludge process is commonly used in livestock wastewater treatment, but the biofilm process using carriers for wastewater treatment has the advantage of maintaining a high concentration of biomass. We have reported an aerobic bioreactor packed with hardtype perlite for treating dairy farm wastewater.
1) The perlite is made from volcanic glass by heating treatment and has a highly porous structure. The bioreactor (6 cm in diameter and 150 cm in height) packed with the perlite carrier (2 to 5 mm in diameter) was continuously aerated with a blower from the bottom at 4 L/min, and the concentration of dissolved oxygen (DO) in the bioreactor was kept in a range of 4.5 to 8.2 mg/L with an average of 8.0 mg/L. The bioreactor was operated at a hydraulic retention time (HRT) of 5.5 d. A biofilm (<1 mm in thickness) developed on the perlite carrier. The bioreactor efficiently decreased the biochemical oxygen demand (BOD) of the wastewater from 3,000 to 40 mg/L, and also decreased the NH 4 þ -N in the wastewater from 85 to 4 mg/L. Generally, in conventional aerobic bioreactors, NO 2 À -N or NO 3 À -N is accumulated by ammonium oxidation. Interestingly, despite the continuous aeration, the NO 3 À -N accumulation was quite low (approximately 12 mg/L) in the bioreactor packed with the perlite carrier, and no NO 2 À -N accumulation was detected. This implies that the biofilm on the perlite removes the NO 3 À -N under continuous aeration conditions.
In the present study, to characterize the simultaneous removal of BOD and nitrogen by the aerobic bioreactor, the nitrate-removal activity of the biofilm was investigated through batch experiments under continuous aeration conditions. Furthermore, the bacteria present in the biofilm were analyzed using the 16S rRNA gene.
The perlite attached to the biofilm 1) was mixed with artificial dairy farm wastewater prepared with sodium nitrate, cow milk, and a slurry of cow manure ( Table 1) . The BOD values of the mixtures were approximately 3000 mg/L in experiments A1 to B3. The mixture (100 mL) was placed in a conical flask and incubated at 20 C with continuous aeration by an air pump at a rate of 1.8 to 2.2 L/min. The concentration of DO in the mixture was kept at 6.8-8.5 mg/L with an average of 7.8 mg/L. For comparison with the biofilm on the perlite, activated sludge was collected from a wastewater treatment plant at NILGS. The concentrations of NO 2 À -N, NO 3 À -N and NH 4 þ -N were determined by ion chromatograph (Yokogawa IC-7000 Series II Analyzer, Yokogawa Analytical Systems, Tokyo, or a DX-120 analyzer, Dionex, Sunnyvale, CA). The bacterial community of the biofilm was examined by clone library analysis. The biofilm on the perlite was thoroughly washed with distilled water 10 times to remove nonattached bacteria. Then the biofilm was detached from the perlite by sonication for 15 min at an oscillatory frequency (42 kHz), and the genomic DNA of the detached bacteria was extracted using a UltraClean Soil DNA kit (Mo Bio Laboratories, Carlsbad, CA). Nearly the full length of the 16S rRNA gene (approximately 1,220 to 1,380 bp) was amplified by polymerase chain reaction, and clone library analysis was performed as described previously.
2) A phylogenetic tree was constructed using MEGA4 software 3) by the neighbory To whom correspondence should be addressed. Tel: +81-29-838-8676; Fax: +81-29-838-8700; E-mail: yamatktk@affrc.go.jp Abbreviations: BAP, biofilm attached to perlite; BOD, biochemical oxygen demand; DO, dissolved oxygen; HRT, hydraulic retention time joining method. The DNA sequences of the clones, designated BAPs (biofilm attached to perlite), were deposited in the database under accession nos. AB563202 to AB563224. The experimental conditions for nitrate-removal activity are shown in Table 1 . Despite continuous aeration, the biofilm on the perlite removed almost 100% of the NO 3 À -N without NO 2 À -N accumulation ( Fig. 1, experiment A2 ). The rate of NO 3 À -N removal was 114.4 mg-N/kg-perlite/h. The activated sludge removed 120 mg/L of the NO 3 À -N (experiment A3), only one-fourth of that removed by the biofilm, and NO 2 À -N accumulation (60 mg/L) was observed in the activated sludge treatment (experiment A3). A decrease in NO 3 À -N and an accumulation of NO 2 À -N were observed in experiment A1, in which neither the perlite carrier nor activated sludge was added. The wastewater was prepared from an slurry of cow manure, which contained bacteria. The changes in the NO 3 À -N and NO 2 À -N concentrations in experiment A1 were probably due to the bacterial activity in the manure. NH 4 þ -N was added to the wastewater in experiments B1 to B3. The biofilm on the perlite brought about a greater decrease in NO 3 À -N (experiment B2) than the activated sludge (experiment B3). The levels of NH 4 þ -N reduction were similar among the experiments involving no Perlite with biofilm (g-dry weight) addition of seed sludge (experiment B1), perlite with the biofilm (experiment B2), and activated sludge (experiment B3). The decrease in NO 3 À -N was slight in experiment B1. The addition of glucose and acetate to the wastewater did not enhance the NO 3 À -N decrease induced by the biofilm (experiment C1). NO 3 À -N was not absorbed by fresh perlite (experiment D1). Figure 2 shows a phylogenetic analysis of the biofilm on the perlite. All the BAP clones were classified into -and -proteobacteria and Nitrospira. The clones of BAP 01 to 08 formed a cluster (cluster 1) showing high similarity (99% identity) to denitrifying bacteria Thauera spp.
4) The clones of BAP 09 to 11 were also related to Thauera spp. detected in nitrifying-denitrifying activated sludge from an industrial sewage treatment plant.
5) The clones of BAP 22 and 23 were closely related to Candidatus Nitrospira defluvii (99% identity), which is known as a nitrite-oxidizing bacterium. 6) The biofilm characterized in this study was sampled from the aerobic bioreactor, which simultaneously removed BOD and nitrogen under continuous aeration conditions. 1) Despite aeration, the biofilm on the perlite carrier showed nitrate-removal activity, 114.4 mg-N/ kg-perlite/h, corresponding to 0.27 kg NO 3 À -N/m 3 /d. This rate is lower than the typical removal rates (0.2 to 4.0 kg NO 3 À -N/m 3 /d) achieved by conventional bioreactors for anaerobic denitrification, 7) but conventional bioreactors are usually not used for BOD removal. In practical use, the simultaneous removal of BOD and nitrogen by the aerobic bioreactor is a noteworthy advantage because it simplifies the purification process for wastewater. This property is especially useful for small farms.
Since the DO in the artificial wastewater was 7.8 mg/L due to continuous aeration, the outer surface of the biofilm must be aerobic. Previous studies of the depth of oxygen penetration have reported that a biofilm thickness more than a few hundred micrometers should allow both aerobic and anoxic regions within the biofilm. 8, 9) Therefore the inner part of the biofilm in this study must have contained anaerobic regions where NO 3 À -N was removed through anaerobic denitrification. In the clone library analysis of the biofilm, the most often detected bacteria, which constituted 48% of all clones (11/23 clones), were closely related to the denitrifying bacteria Thauera spp. Interestingly, Thauera mechernichensis reportedly denitrifies under both aerobic and anaerobic conditions, 10) while the aerobic denitrifying activity for the other species of the genus Thauera has not yet been examined. In addition, P. denitrificans is also known as an aerobic denitrifying bacterium.
11) Therefore, the possibility that aerobic denitrification by these bacteria occurred on the outer surface of the biofilm cannot be completely excluded. On the other hand, clone library analysis using 16S rDNA tends to bias DNA fragments amplified by PCR.
12) It is unclear whether Thauera spp. were the dominant species in the biofilm.
Thauera spp. are useful in wastewater purification, since they can decompose aromatic compounds such as toluene.
13) Thauera spp. inhabit wet soil environments and are detected in wastewater treatment plants. The metabolism of Thauera spp. is of a strictly respiratory type, requiring molecular oxygen, nitrate, nitrite, or nitrous oxide as a terminal electron acceptor. 4) In this study the Thauera spp. were detected in the clone library analysis of the biofilm, suggesting that the physical properties of perlite, such as the surface contours and porous structure, are suitable for the attachment of Thauera spp.
